ABSTRACT Amino acids are considered to be anabolic factors that affect protein turnover. The aim of this study was to test the effects of dietary L-arginine (Arg) levels on protein metabolism in the liver of laying hens and the expression of genes related to protein synthesis and proteolysis. Xinyang black commercial laying hens (n = 864, 31 wk of age) were randomly allotted to 6 treatments with 4 replicates of 36 birds. The dietary treatments were corn-corn gluten meal based diets containing 0.64, 0.86, 1.03, 1.27, 1.42, and 1.66% L-Arg, respectively. Serum concentrations of total protein and albumin were maximized in the 1.27% L-Arg group, and serum concentration of urea acid was the lowest in the 1.27% L-Arg group. The 1.27% L-Arg group had the highest fractional protein synthesis rate and fractional protein gain rate in the liver. Consistent with the data on protein turnover, mRNA abundances of target of rapamycin (TOR) and ribosomal protein S6 kinase 1 increased in the liver of layers fed 1.27% L-Arg, while mRNA abundances of cathepsin B and 20S proteasome decreased at the same dietary L-Arg level. In conclusion, the dietary level of L-Arg increased the liver fractional protein synthesis rate and fractional protein gain rate of laying hens, and the action of an appropriate level of dietary L-Arg involves upregulating the gene expression of the TOR signaling pathway accompanied by suppressing the mRNA expression of cathepsin B and 20S proteasome in the liver.
INTRODUCTION
The aims of the poultry industry are to increase the efficiency of the transformation from feed to animal proteins for consumers and to reduce the nitrogen excretion pollution. At present, synthetic amino acids are added to low-protein diets to obtain a well-balanced feed. L-arginine (Arg), like most amino acids traditionally noted for their role in protein synthesis, is metabolized by arginases to L-ornithine for polyamine biosynthesis, and by nitric oxide synthases (NOS) to L-citrulline and nitric oxide (NO). However, there exist differences in the L-Arg requirement because most mature mammals are able to synthesize L-Arg to meet their requirements while uricotelic species like birds cannot synthesize L-Arg due to an incomplete urea cycle (D'Amato and Humphrey, 2010) . Therefore, birds have an abso-lute need for L-Arg and are highly dependent on dietary supplementation for this amino acid.
Amino acids are major regulators of growth and protein metabolism, e.g., avians fed with diets deficient in a specific limiting amino acid had decreased protein accretion (Tesseraud et al., 1999; Hocquette et al., 2007) resulting in growth and immunity problems Wang et al., 2014) . One of the major amino acid-induced signaling pathways involved in protein synthesis is mammalian target of rapamycin (mTOR) (Deng et al., 2014) . mTOR regulates mRNA translation by phosphorylating 2 of its effectors: ribosomal protein S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) (Corradetti and Guan, 2006) . Lysomomal, ubiquitin-proteasomedependent, and Ca-dependent systems are 3 proteolytic systems involved in proteolysis. The major proteolytic pathway is the ATP dependent ubiquitin-proteasome system, which is also ubiquitous throughout the body and degrades ubiquitin conjugated proteins via the 26S proteasome (Lecker et al., 1999) , while the main agent of lysosomal degradation, cathepsin B (CB), has been well established as contributing to protein 261 breakdown (Hallangeras et al., 1991) . Moreover, evidence has demonstrated that the ubiquitin proteasome proteolytic pathway is controlled by the expression of 2 important ubiquitin ligases, namely, muscle atrophy F box (MAFbx) and muscle ring finger-1 (MurF1) (Bodine et al., 2001) .
Protein metabolism is the process including both protein synthesis and proteolysis. Though the action that L-Arg can stimulate protein synthesis has been demonstrated in some in vitro studies in chicks and pigs (Bauchart-Thevret et al., 2010; Yuan et al., 2015a) , it is not clear whether L-Arg can suppress protein degradation. Moreover, when studying protein turnover in chickens, most previous research focused on pectoralis major muscles in growing broilers (Tesseraud et al., 2009) . However, when studying protein metabolism of layers, the liver should be considered, as it is of major importance in determining the quantity of amino acids utilized and the proportion of whole-body protein synthesized due to its very high fractional synthesis rate (FSR) (Tesseraud et al., 1996a) . Thus, we examined the effect of L-Arg on tissue-protein metabolism in the liver of laying hens and gene expression of the associated signaling pathway.
MATERIALS AND METHODS
All procedures of the present study were conducted in accordance with the Chinese guidelines for animal welfare and were approved by the animal welfare committee of the Animal Science College of Zhejiang University (Hangzhou, China).
Birds and Housing
Eight hundred and sixty-four 31-week-old Xinyang black commercial laying hens (Shanghai Poultry Breeding Co., Ltd, Shanghai, China) with similar performance were randomly allocated to 24 units (each with 12 cages in 3 levels, 3 birds/cage) that were then randomly assigned to 6 dietary L-Arg treatments (4 units/treatment). Each cage had 45 × 45 × 50 cm floor space and was equipped with 2 nipple drinkers and one feeder, and cages were located in a ventilated room with a temperature between 15 and 20
• C, RH between 60 and 70%, and 16 h/d of illumination (10 to 20 lx).
Experimental Diets
To formulate a low L-Arg group (0.65% L-Arg), corn gluten meal was used, and L-Arg (98.5% purity, Enovo Biological Technology Co., Ld, Wuxi, China) was added to the basal diet at the expense of corn to obtain experimental diets containing 0.85, 1.05, 1.25, 1.45, and 1.65% L-Arg, respectively. Moreover, to maintain the isonitrogenous levels in all experimental diets, Lalanine also was supplemented to the experimental diets (Tan et al., 2009; Wang et al., 2013) . All nutrients were kept at the same levels expect for the L-Arg con- • C for analysis of crude protein, calcium, and total phosphorus according to the method of AOAC (2002) . Contents of L-Arg and other amino acids in the diets were analyzed by ion-exchange chromatography with an amino acid analyzer (Hitachi L-8900 Amino Acid Analyzer, Hitachi, Tokyo, Japan) after being hydrolyzed with 6 mol/L HCl at 110
• C for 24 h according to the method of Standardization Administration of China (2000). Ingredient composition and analyzed concentrations of amino acids in experimental diets are presented in Table 1 . Diets in mash form were offered ad libitum and birds had free access to water throughout the entire experimental period. The experiment lasted 14 wk, including a 2-wk acclimation period and a 12-wk experimental period.
Blood Sampling and Laboratory Analyses
At the end of the experiment (45 wk), 8 hens from each treatment were randomly selected and slaughtered after 12-h fasting (water was offered ad libitum), and blood samples collected during bleeding from the jugular vein were centrifuged for 15 min (1000 × g) to separate out serum. All samples were kept at -80
• C prior to analysis. The level of serum total protein (TP), albumen (ALB), urea acid (UA), and activity of glutamic oxalacetic transaminase (GOT) and glutamic pyruvic transaminase (GPT) in the serum were assayed by using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in a microplate reader (Biotek ELX800, Biotek Instruments, Inc., Winooski, VT).
Measurements of Protein Turnover and Calculation
To better estimate the tissue protein fractional growth rate (FSR), before the experiment ended, 8 layers aged 309 and 315 d and near the mean BW of each group were killed by decapitation and whole livers were collected for analyzing protein mass. At 312 d of age, 4 birds that had not eaten for 3 h from each group were selected for measurement of FSR according to the methods described by Danicke et al. (2003) . Briefly, at 15 min before slaughter, birds were injected with a large flooding dose of [
15 N]-labeled phenylalanine solution (150 mM, 98 atom% L-[
15 N]-phenylalanine, Shanghai Engineering Research Center of Stable Isotope, Shanghai, China) in a wing vein at a rate of 0.5 mL per 100 g of BW. Then complete livers were dissected and weighed, and liver samples were frozen in liquid nitrogen prior to analysis. The exact time from the birds' death to liver samples being frozen was taken into account. About 2 g of the liver samples from birds aged 309 and 315 d were chosen for analysis of crude protein according to the method of AOAC (2002). The [ 15 N]-phenylalanine labeled liver samples were prepared as described in detail by Danicke et al. (2003) . The acid-solution fraction containing free amino acids was separated from the protein sediment by 0.2 M perchloric acid, and the [
15 N] enrichment in the liver free phenylalanine, used as an indicator of the enrichment of the protein synthesis precursor pool, was measured with a gas chromatography mass spectrometer (GC-MS) (6890-GC, Agilent Technologies, Palo Alto, CA), while the [ 15 N] enrichment in protein-bound phenylalanine was determined using GC-combustion isotope ratio MS (GC-C-IRMS) (MAT-271, Thermo Scientific Inc., Bremen, Germany). The procedures of GC-MS and GC-C-IRMS were described in detail by Danicke et al. (2001) .
RNA Extraction and cDNA Synthesis
Total RNA was isolated from the liver of layers (4 hens from each group) (about 100 mg) using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The RNA quality was checked by 1.5% agarose gel electrophoresis and it had a ratio of optical density at 260 nm:optical density at 280 nm between 1.8 and 2.0. Reverse transcription was performed from 1 μg total RNA by PrimeScript RT regent kit (Takara, Dalian, China) at 37
• C for 15 min following the protocol of the manufacturer. (2005), which were listed as follows, respectively: TOR (5 -GGTGATGACCTTGCCAA ACT-3 , forward; 5 -CTCTTGTCATCGCAACC TCA-3 , reverse), 4E-BP1 (5 -GCGAATGTAGG TGAAGAAGAG-3 , f o r w a r d ; 5 -AACAGGAAGGCACTCAAGG-3 , reverse), S6K1 (5 -CAATTTGCCTCCCTACCTCA-3 , forward; 5 -AAGGAGGTTCCACCTTTCGT-3 , reverse), 18S rRNA (5 -ATTCCGATAACGAACGAGACT-3 , forward;
Quantification of mRNA by
5 -ATTCCGATAACGAGACT-3 , reverse); MuRF1
(5 -TGTCTATGGGCTGCAGAGGAA-3 , forward; 5 -GGTGCTCCCCCTTCTTGAGT-3 , reverse), MAFbx(5 -GACGCGCTTTCTCGATGAG-3 , forward;
5 -CCTTGTTATTCAGTAGGTCTTTT TTCCT-3 , reverse); 20S proteasome (5 -AACACACGCTGTTCTGGTTG-3 , forward; 5 -CTGCGTTGGTATCTGGGTTT-3 , reverse); cathepsin B (5 -CAAGCTCAACACCACTGGAA-3 , forward; 5 -TCAAA GGTATCCGGCAAATC-3 , reverse). The abundance of mRNA was determined on a Real-Time PCR system (ABI 7500, Applied Biosystems, Foster City, CA). The PCR reaction used SYBR Premix PCR kit (TaKaRa, Dalian, China), and the program was 95
• C for 10 s, followed by 40 cycles of 95
• C for 10 s, and 60
• C for 31 s. There were 4 samples for each group, each sample was performed in duplicate, and no template control was included. Specificity of the amplification was verified at the end of the PCR run by melting curve analysis. Average gene expression relative to the endogenous (18S RNA) control for each sample was calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ). The calibrator for each studied gene was the average ΔCt value of basal diet group.
Calculation and Statistical Analysis
Fractional protein breakdown rate (FBR), FGR, and FSR were calculated according to the method of Tesseraud et al. (2001) and Danicke et al. (2003) . Briefly, FSR = 100 × APE b /APE f × t, where APE b , APE f , and t represent the [
15 N] atom% excess of phenylalanine in liver protein, the [
15 N] atom% excess of free phenylalanine in the liver, and the duration of labeling time (expressed in d), respectively. FGR = the deposit rate of liver protein/average weight of liver protein, where the deposit rate of liver protein = (liver weight at 315 d × liver CP -liver weight at 309 d × liver CP)/6, the average weight of liver protein = (liver weight at 315 d × liver CP + liver weight at 309 d × liver CP)/2. The liver protein breakdown rate was broadly similar after allowance was made for the loss of plasma proteins from the liver, and the correction for the loss of the plasma proteins was approximatly 30% of the liver protein FSR (Goldspink and Kelly, 1984; Tesseraud et al., 1996a) . Therefore, the FBR was then calculated as the difference between (70% of FSR) and FGR in the liver to take account of exported proteins.
Results were analyzed by one-way analysis of variance (ANOVA) using SPSS for Windows, version 16.0 (SPSS Inc., Chicago, IL). Differences among all treatments were separated by the Tukey test for multiple comparisons, and probability values of less than 0.05 were considered as significant.
RESULTS

Effect of Dietary Level of L-Arg on Serum Parameters
In relation to the serum parameters in this study (Table 2) , increasing dietary supplement of L-Arg had a tendency to increase the level of serum TP, which was maximized between 1.27 and 1.66% supplemental L-Arg. Compared with the basal diet group (0.64% LArg), serum TP and ALB levels in the 1.27% L-Arg group increased (P < 0.05) 52.61 and 31.11%, respectively. The serum UA level in the 1.27% L-Arg group was the lowest, which was 23.48 and 27.00% lower (P < 0.05), respectively, than that in the 1.03 and 1.66% L-Arg groups. There were no significant changes in serum activity of GOT and GPT.
Liver Protein Metabolism Responds to Dietary Level of L-Arg
As shown in Table 3 , there were no significant differences in the liver protein deposition. FSR and FGR presented to increase initially and then decreased with the increase of dietary L-Arg supplemental levels. The 1.27% L-Arg group had the highest FSR and FGR in the liver, which increased (P < 0.05) by 38.06 and 122.31%, respectively, as compared to the 0.64% L-Arg group, whereas FBR did not differ significantly in response to the dietary level of L-Arg.
Gene Expression of TOR Signaling Pathway in the Liver
The mRNA abundances of TOR, 4E-BP1, and S6K1 are shown in Figure 1 . There were no changes in 4E-BP1 mRNA expression in response to the dietary level of L-Arg from 0.64 to 1.66%. mRNA expression of TOR in the 1.27% L-Arg group was the highest, which was 2.18-fold higher (P < 0.05) than that in the 0.64% LArg group. Similarly, mRNA abundance of S6K1 was maximized in the 1.03 and 1.27% L-Arg groups, which was 2.01-fold (P < 0.05) and 2.22-fold higher (P < 0.05), respectively, than that in the control group.
Expression of Genes Related to Proteolysis in the Liver
The expression of proteolytic-related genes in the liver of laying hens is shown in Figure 2 . The mRNA abundances of MuRF1 and MAFbx were not affected by dietary treatments. The expression of 20S in the liver presented to be decreased when birds were fed with diets supplemented with L-Arg, and with significantly lower mRNA levels in the 1.27 and 1.42% LArg groups, which were 0.08-fold and 0.11-fold lower (P < 0.05), respectively, than that in the 0.64% L-Arg 1 Results are the mean ±SE of 4 replicates with 2 hens per replicate. TP = total protein; ALB = albumen; UA = urea acid; GOT = glutamic oxalacetic transaminase; GPT = glutamic pyruvic transaminase. Means within a row sharing different letters (superscripts a-c) differ (P < 0.05).
2 Analyzed values. group. Similarly, mRNA abundance of CB was minimized in the 1.27% L-Arg group, which was 0.34-fold (P < 0.05) lower (P < 0.05), than that in the 0.64% L-Arg group.
DISCUSSION
From the previous work in our lab (Yuan et al., 2015b) , we found that a proper level of L-Arg in chicken diet would increase the laying rate and egg weight as well as improve the internal egg quality (data are now in the publication process, see supplemental Tables 1 and 2 ). Therefore, we focus more on the effects of L-Arg on the liver protein turnover of layers in the present study, which is meaningful for a better understanding of the function and application of this amino acid. The serum chemistry parameters indicating liver metabolism were determined in this study. TP and ALB are important indexes for reflecting liver protein anabolism, while the concentration of UA in serum is inversely correlated to the net utilization of proteins and reflects the balance between intake, usage, and degradation of proteins (Robin et al., 1987) . Results of this study (Table 2) showed that dietary LArg supplementation had a tendency to increase the levels of serum TP and ALB, but when the levels of L-Arg in the diet increased to an extent (1.27%), concentrations of these 2 indexes in serum decreased. Moreover, the serum UA level in the 1.27% L-Arg group presented to be the lowest and then increased with the increase in dietary level of L-Arg. This indicated that an appropriate level of dietary L-Arg could be profitable for protein anabolism, while high levels of dietary LArg may negatively influence the balance with lysine because of the antagonism between them due to the competition for renal tubular reabsorption, which may lead to increasing the activity of arginase in the kidney and then oxidizing L-Arg into UA (de Carvalho et al., 2015) . However, serum GOT and GPT activity did not differ significantly in response to the dietary level of L-Arg, which was different from the previous study on lysine, because excessive lysine may decrease transaminase activity (de Carvalho et al., 2012) .
In avian species, most studies have been carried out on the regulation of whole-body rather than tissue protein turnover. However, a change in whole-body protein turnover does not necessarily mean that all body components respond equally or in the same direction (Tesseraud et al., 1996a) . Thus, we used a flooding dose method to measure fractional rates of protein synthesis and breakdown in the liver of layers because the liver not only has functions for synthesis of egg yolk protein, but also for the metabolism and storage of nutrients (Hiramoto et al., 1990) . To avoid the bias caused by treatment-related differences in liver weight and birds' age (Tesseraud et al., 1996b) , layers chosen for determination of protein turnover in this study were kept at the similar BW. The present study found that the dietary level of L-Arg did not change the protein deposition and FBR in the liver (Table 3) , while FSR and FGR in the liver were significantly affected by the dietary L-Arg supplementation, which were the lowest when birds were fed with the L-Arg deficient diet (0.64% L-Arg). The results were similar to previous studies that lysine or methionine deficiencies decreased muscle or liver protein synthesis (Hiramoto et al., 1990; Tesseraud et al., 1996a; Tesseraud et al., 2001) . To the best of our knowledge, this is the first demonstration that the proper level of dietary L-Arg would improve the liver protein synthesis of laying hens; moreover, these results would also extend the functions of amino acids on regulating protein turnover.
Previous studies found that L-Arg increased net protein synthesis in skeletal muscle in mammals (Tan et al., 2009 ). This effect of L-Arg was attributed to the activation of the mTOR signaling pathway, a master regulator of both protein synthesis and autophage-mediated proteolysis (Phang et al., 2008) . In the present study, we found that the dietary level of L-Arg did not change the 4E-BP1 mRNA expression, but the mRNA abundance of TOR and S6K1 in the liver was very low in both L-Arg deficient (0.64%) and excess (1.66%) diet groups (Figure 1) , which was consistent with our data on the effects of the dietary level of L-Arg on the liver FSR (Table 3) . However, the information on whether L-Arg activated the TOR signaling pathway accompanied by suppression of protein degradation or expression of related genes is still unavailable regarding avians.
MuRF1 and MAFbx, 2 important genes encode E3-ubiquitin ligases, involved in the ubiquitination of proteins targeted to the ubiquitin-proteasome-dependent proteolytic system, which were ubiquitous throughout the body (Bodine et al., 2001) . Some in vitro studies reported that the TOR signaling pathway was shown to contribute to the regulation of MAFbx (Herningtyas et al., 2008) ; while using these experimental conditions, we did not find significant differences in MuRF1 and MAFbx gene expression in the liver of layers (Figure 2) . It is suggested that the expression of ubiquitin ligases in the body are specific which were expressed in skeletal muscle and heart but not in the liver, kidney, brain, spleen et al. (Bodine et al., 2001; Gomes et al., 2001) . In the present study, we also found that dietary supplementation of L-Arg could downregulate the mRNA expression of 20S and CB, but as the dietary level of L-Arg increased to some extent (1.66%), the mRNA abundance of CB seems to be slightly higher than the control group (Figure 2 ). Similar findings were reported in the pectoralis major muscle when broilers received a low lysine level diet (Tesseraud et al., 2009) . Moreover, excess of dietary L-Arg causing the upregulating of the proteolysis related gene (Cathepsin B) and the decrease of liver FSR was probable in correspondence with the metabolite (NO) of L-Arg, because higher concentrations of NO inhibiting protein synthesis has been reported in muscle cells and hepatocyte (Curran et al., 1991; Kolpakov et al., 1995) . However, one weakness of the present study is that we determined only the transcriptional levels of the TOR signaling pathway and proteolysis related genes, while phosphorylation of the TOR signaling pathway and protein levels of the function of 20S proteosome and CB are essential for protein metabolism.
In conclusion, the dietary level of L-Arg increased the liver fractional protein synthesis rate and fractional protein gain rate of laying hens. The action of an appropriate level of dietary L-Arg involves upregulating the gene expression of the TOR signaling pathway accompanied by suppressing the mRNA expression of cathepsin B and 20S proteasome in the liver. These findings also indicate that L-Arg represents an interesting amino acid regulating the liver protein metabolism, with the aim of developing new nutritional strategies for laying hens. Table 1 . Effect of L-arginine on performance of laying hens. 
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